In vitro time-kill studies and a rabbit model of endocarditis and pyelonephritis were used to define the impact that the order of exposure of Candida albicans to fluconazole (FLC) and amphotericin B (AMB), as sequential and combination therapies, had on the susceptibility of C. albicans to AMB and on the outcome. The contribution of FLC-induced resistance to AMB for C. albicans also was assessed. In vitro, AMB monotherapy rapidly killed each of four C. albicans strains; FLC alone was fungistatic. Preincubation of these fungi with FLC for 18 h prior to exposure to AMB decreased their susceptibilities to AMB for 8 to >40 h. Induced resistance to AMB was transient, but the duration of resistance increased with the length of FLC preincubation. Yeast sequentially incubated with FLC followed by AMB plus FLC (FLC3AMB؉FLC) showed fungistatic growth kinetics similar to that of fungi that were exposed to FLC alone. This antagonistic effect persisted for at least 24 h. Simultaneous exposure of C. albicans to AMB and FLC [AMB؉FLC(simult)] demonstrated activity similar to that with AMB alone for AMB concentrations of >1 g/ml; antagonism was seen using an AMB concentration of 0.5 g/ml. The in vitro findings accurately predicted outcomes in our rabbit infection model. In vivo, AMB monotherapy and treatment with AMB for 24 h followed by AMB plus FLC (AMB3AMB؉FLC) rapidly sterilized kidneys and cardiac vegetations. AMB؉FLC(simult) and FLC3AMB treatments were slower in clearing fungi from infected tissues. FLC monotherapy and FLC3AMB؉FLC were both fungistatic and were the least active regimens. No adverse interaction was observed between AMB and FLC for the AMB3FLC regimen. However, FLC3AMB treatment was slower than AMB alone in clearing fungi from tissues. Thus, our in vitro and in vivo studies both demonstrate that preexposure of C. albicans to FLC reduces fungal susceptibility to AMB. The length of FLC preexposure and whether AMB is subsequently used alone or in combination with FLC determine the duration of induced resistance to AMB.
With the increased capacity of medical science to prolong the lives of the immunocompromised host, the incidence of systemic Candida albicans infections is rising (5) . Yet despite treatment with fluconazole (FLC) or amphotericin B (AMB) monotherapy, the mortality associated with deep-seated candidal infections remains substantial (2, 22, 23, 25, 30) .
In an attempt to improve survival rates, there is much interest in using FLC and AMB in combination. However, the interaction between FLC and AMB remains poorly characterized when these drugs are used concurrently or sequentially. In vitro studies in which FLC and AMB were simultaneously or sequentially introduced to cultures of C. albicans frequently showed this drug combination to be antagonistic (13, 19, 21, 28 ; P. Banerjee, Q.-F. Liu, A. Louie, M. Shayegani, H. Taber, G. Drusano, and M. Miller, Abstr. 97th Gen. Meet. Am. Soc. Microbiol., abstr. C-252a, p. 164, 1997). Further, using time-kill studies, Vazquez et al. (28) demonstrated that sequential exposure of one C. albicans strain to FLC followed by AMB decreased the susceptibility of the fungus to AMB. This "induced resistance" was transient in that the phenotypic resistance to AMB quickly disappeared after the fungus was transferred to drug-free media. Together these in vitro studies suggest that the interaction between FLC and AMB is antagonistic against C. albicans when this fungus is exposed to these drugs simultaneously and when the fungus is sequentially exposed to FLC followed by either AMB alone or FLC in combination with AMB.
In contrast, in vivo models of systemic candidiasis demonstrate an additive or indifferent interaction between AMB and FLC, regardless of the sequence in which AMB and FLC were added to the treatment regimen (26) . However, these in vivo studies were not optimally designed to identify antagonism, if it existed. Thus, the in vivo implications of the in vitro antagonism seen between AMB and FLC remain undefined.
Vazquez et al. induced resistance to AMB for one C. albicans strain (28) . In the present study, we expanded on the in vitro studies described by Vazquez et al. to determine whether the induced resistance to AMB was seen for four C. albicans strains that were sequentially exposed to FLC followed by AMB. Also, using the time-kill procedures described by Vazquez et al., we evaluated the interaction between AMB and FLC when the same four C. albicans isolates were simultaneously exposed to FLC and AMB [AMBϩFLC(simult)] or sequentially incubated with AMB followed by FLC, FLC followed by AMB, FLC followed by FLCϩAMB (FLC3AMBϩFLC) and AMB followed by FLCϩAMB (AMB3FLCϩAMB). Using a rabbit model of C. albicans endocarditis and pyelonephritis, we determined whether the drug interactions between AMB and FLC that were observed in vitro predicted outcomes in vivo. Finally, we determined if the in vitro-induced resistance to AMB described by Vazquez et al. could explain our in vivo findings.
Louie et al. (14) demonstrated that the pharmacodynamic parameter that best predicts the outcome for treatment with FLC is the ratio of the area under the concentration-time curve (AUC) for the drug in serum to the MIC. To maximize the clinical relevance of our in vivo results, we used a dosage of FLC that resulted in a drug AUC for rabbit serum that mimicked the steady-state AUC measured in humans who receive 800 mg of FLC/day (15) . For AMB, the pharmacodynamic parameter that defines the efficacy is unknown. Thus, we chose a dose of AMB to use in rabbits that resulted in serum trough and AUC values similar to those seen in humans given 1 mg of this drug/kg of body weight/day (3, 6, 10) .
MATERIALS AND METHODS
Fungal isolates. C. albicans strain B311 was obtained from Vazquez et al. (28) . C. albicans ATCC 36082 was obtained from the American Type Culture Collection (Rockville, Md.). C. albicans strains 6 and 95-1939 were selected from our culture collection; each was isolated from the blood of neutropenic patients. Fresh isolates were grown on Sabouraud-dextrose agar (SDA) (Difco, Detroit, Mich.) for 24 h at 35°C before each phase of the investigation.
The MICs for FLC for the fungal strains ranged between 0.125 and 0.5 g/ml. The MICs for AMB ranged from 0.125 to 0.25 g/ml. MIC testing was conducted using a macrobroth dilution method specified by NCCLS for yeast (20) . The MICs for FLC and AMB were identical when the macrobroth susceptibility testing was conducted in RPMI 1640 and yeast nitrogen broth (YNB) (Difco).
Antifungal agents. FLC powder was supplied by Pfizer, Inc. (Groton, Conn.), and reagent grade AMB (for the in vitro studies) was purchased from Sigma Inc. (St. Louis, Mo.). For the in vivo studies, AMB-desoxycholate (Adria Laboratories, Columbus, Ohio) was used. FLC solution was prepared in normal saline at a concentration of 3 mg/ml. The FLC solution was prepared prior to each infusion. AMB-desoxycholate was prepared to a concentration of 0.2 mg/ml in 5% dextrose in water. The AMB suspension was stored at 4°C for up to 1 week without a loss of potency.
In vitro time-kill studies for C. albicans B311. We determined if the transient resistance to AMB reported by Vazquez et al. (28) could be reproduced by our laboratory for the strain of C. albicans used in their investigations. Using the test conditions described by Vazquez et al. (28) with minor modifications, time-kill studies were conducted with C. albicans strain B311. Briefly, a single colony of the fungal strain was incubated in YNB overnight in a shaking water bath at 35°C. The YNB contained 25 g of FLC per ml of broth. Eighteen hours later, the microorganisms were washed and organisms were inoculated into flasks containing fresh YNB media and either no drug, 25 g of FLC/ml, 1.5 g of AMB/ml, or both FLC and AMB at the concentrations indicated. The final concentration of yeast in each flask was 10 5 CFU/ml. Additional flasks contained yeast cells grown overnight for 18 h in drug-free YNB that were subsequently incubated in fresh YNB broth containing no drug, 25 g of FLC/ml, 1.5 g of AMB/ml, or both drugs at the concentrations specified. Controls consisted of yeast incubated overnight in drug-free medium that were then transferred to fresh drug-free medium. (We could not examine the effect of incubating C. albicans with AMB followed by FLC exposure because the fungal densities decreased to undetectable levels within 2 h of AMB exposure). The resulting fungal suspensions were incubated at 35°C. After 0, 2, 4, 6, 8, 12 and 24 h of incubation, a sample was taken from each flask and serially diluted 1:10 in saline. Then, 200 l of sample from each dilution tube and the original fungal suspensions were plated onto SDA. The agar plates were incubated at 35°C for 48 h before they were read. The relative densities of organisms per milliliter of broth in each group were compared. The lower limit of detection for the quantitative cultures was 50 CFU of C. albicans/ml. Time-kill studies were conducted twice for this C. albicans isolate.
In vitro time-kill studies for three additional C. albicans strains. The abovedescribed time-kill studies were conducted for three additional C. albicans strains (ATCC 36082, strain 6, and 95-1939) to determine if the induced resistance reported by Vazquez et al. was unique to the single strain he examined (strain B311) or could also be induced in other Candida isolates. Time-kill studies were conducted twice for each fungal strain.
Drug carryover. Drug carryover was evaluated by inoculating SDA plates with 200 l of drug-free YNB or YNB supplemented with 1.5 g of AMB/ml, 25 g of FLC/ml, or AMB in combination with FLC. The solutions were spread onto the surface of the agar and allowed to be completely absorbed into the medium over 15 min. The plates were inoculated with 200 CFU of C. albicans B311 prepared in 50 l of YNB. After 48 h of incubation at 35°C, the colony counts for each plate were read and compared. These studies were repeated for each C. albicans strain. These studies demonstrated that our results were not affected by drug carryover (data not shown).
Effect of varying FLC preincubation times on susceptibility of C. albicans to AMB. The time-kill studies described above were repeated using C. albicans B311. However, the duration of time that the fungus was preincubated with 25 g of FLC/ml was varied to determine the effect of FLC preincubation times on AMB activity. The FLC preincubation times evaluated were 0, 2, 4, 6, 16, and 40 h. After the preincubation times were reached, the organisms were washed once with normal saline and were then inoculated into flasks containing 100 ml of fresh YNB with no drugs, 1.5 g of AMB/ml, or 25 g of FLC/ml. One hundred milliliters of sample was taken for quantitative cultures at 0, 2, 4, 6, 8, 14, and 24 h. The plates were read after 48 h of incubation, and the results were compared. This study was conducted twice.
Time-kill studies to evaluate the impact of preincubation of C. albicans B311 with FLC on the activity of low concentrations of AMB (0.5 g/ml). The time-kill studies outlined above were repeated for C. albicans strain B311 using FLC at a concentration of 25 g/ml and AMB at 0.5 g/ml. These studies were conducted to determine if the phenotypic resistance to AMB can be induced in Candida organisms that are subsequently exposed to clinically achievable concentrations of AMB. These studies were conducted thrice.
Animals. Male New Zealand White rabbits weighing 2.0 kg were used. The animals were housed in individual cages and received food and water ad libitum. All animal procedures used were approved by the Institutional Animal Care and Use Committee of Albany Medical College.
Rabbit model of endocarditis and pyelonephritis. C. albicans B311, a fungal strain that showed induced resistance to fluconazole in vitro, was selected for the in vivo studies. The fungal suspension was prepared as described by Witt and Bayer (31) with minor modifications as described previously (17) . C. albicans endocarditis and pyelonephritis were established in animals using the methods of Durack et al. (8) and Witt and Bayer (31) , with minor modifications (17) . Briefly, under general anesthesia, a sterile vinyl catheter (external diameter, 1.32 mm; Bolab Products, Lake Havasu City, Ariz.) was inserted through an incision in the carotid artery and threaded into the left ventricle. The catheter was left in place for the duration of the study. After 48 h, animals were injected intravenously (i.v.) with 2 ϫ 10 7 CFU of C. albicans via a marginal ear vein. In untreated rabbits, this fungal inoculum resulted in endocarditis and pyelonephritis in 95 and 100% of animals, respectively.
Therapeutic studies in the rabbit infection model. Fungal endocarditis and pyelonephritis were established as described above. The infected rabbits were divided into eight groups. Over the course of the study, two to three separate trials were conducted for each treatment regimen. The results from each trial were combined. At the end of the study, there were 5 to 12 animals in each group and time point. Antifungal therapy was initiated 24 h after fungal inoculation. Animals in group I received FLC (42.5 mg/kg) i.v. This total daily dose results in a 24-h AUC for rabbits that mimics the 24-h AUC measured for humans who are given 800 mg of FLC daily (3, 15) . Animals in group II received AMB i.v. at 1.0 mg/kg/day. Rabbits in group III received FLC in combination with AMB, at the doses indicated. AMB was given simultaneously with each daily dose of FLC. Treatment with both drugs was begun on the same day. Animals in group IV received FLC and AMB as well. However, the daily dose of AMB was initiated 24 h prior to the first daily dose of FLC. Thereafter, the animals received both drugs each day. Group V also received FLC and AMB. However, in this group, FLC was given alone for 24 h and then combination therapy was initiated. Group VI received FLC as monotherapy for 24 h followed by daily infusions of AMB. Group VII was treated with AMB monotherapy for 24 h followed by FLC monotherapy thereafter. Finally, animals in group VIII served as controls. They received saline in place of FLC and 5% dextrose in water in place of AMB, respectively.
All drugs and saline were given intravenously via a vinyl catheter that was placed into the external jugular vein using the method of Walsh et al. (29) . The venous catheter (internal diameter, 1.57 mm; Bolab Products) was inserted at the same time that the aortic valve catheter was placed. Cefazolin (100 mg/kg given intramuscularly) was administered daily for 3 days as a prophylaxis against bacterial infection at the surgical sites.
Treatment was given for 2, 5, 13, or 21 days. Twenty-four hours after the last dose was given, animals from each group were humanely sacrificed with a rapid intravenous infusion of pentobarbital followed by induction of bilateral pneumothoraces. The location of the aortic catheter was confirmed. Aortic valve vegetations and a portion of the right kidney were cultured quantitatively. The samples were homogenized, serially diluted 10-fold, and inoculated onto SDA. The samples were incubated at 35°C for 48 h prior to colony counting. Colony counts were expressed as the number of CFU per gram of each specimen. Comparisons of the relative fungal densities in kidney and cardiac vegetations between treatment groups were made.
To determine the proportion of the fungal population in kidneys and cardiac vegetations that was resistant to AMB, 500 l of sample from each tube of the dilution series and the undiluted samples were simultaneously plated onto SDA supplemented with 1.5 g of AMB/ml and onto drug-free agar. After 72 h of incubation, the colonies were enumerated. The numbers of colonies that grew on AMB-supplemented and drug-free media were compared.
Preliminary studies demonstrated that for quantitative cultures of C. albicans prepared in kidneys and cardiac vegetations collected from noninfected rabbits 24 h after the animals received the fourth dose of any of the antifungal drug regimens described above, the culture results were not affected. Thus, our data were not affected by drug carryover.
Impact of length of initial FLC therapy on the activity of AMB in infected rabbits treated with FLC3AMB؉FLC and FLC3AMB regimens. We determined the effect that the length of initial FLC treatment (in FLC3AMBϩFLC and FLC3AMB regimens) had on the duration of induced resistance to AMB, in vivo. In these studies, rabbits infected with C. albicans B311 received FLC for either 1 or 5 days before the drug regimen was switched to AMBϩFLC or AMB. After 2, 5, 8, or 13 days of treatment with AMBϩFLC or AMB, cardiac vegetations and a portion of the right kidney were collected from sacrificed animals and cultured quantitatively. A comparison of outcomes in these studies was possible because FLC had a fungistatic effect, resulting in similar densities of fungi in cardiac vegetations and in kidneys after 1 to 5 days of FLC as monotherapy (data not shown). Thus, differences in densities of fungi in cardiac vegetations and kidneys in the FLC3AMBϩFLC and FLC3AMB regimens would be an expression of the effect of FLC on AMB activity. Treatment with FLC was initiated 24 h after rabbits were inoculated with C. albicans B311. Four animals were used in each group at each time point. Separate groups of animals that received FLC alone or AMB alone served as controls. Differences in fungal densities between groups were assessed for time points after AMB or FLCϩAMB regimens were initiated.
Pharmacokinetics of AMB and FLC in sera of rabbits. The pharmacokinetics of FLC and AMB were determined at steady state for infected rabbits. Treatment started 24 h after fungal inoculation. AMB (1 mg/kg/day) was administered to four rabbits for four doses. Another four rabbits received 42.5 mg of FLC/kg per day for 4 days. Prior to administering the last dose of AMB or FLC, a 24-gauge angiocatheter was inserted into the central artery of each animal to obtain blood samples. One milliliter of blood was collected at 0.25, 0.50, 1.0, 2.0, 2.5, 3, 4, 6, 8, 12 , and 24 h after drug administration. After the last samples were collected, the animals were sacrificed with pentobarbital given i.v., followed by induction of bilateral pneumothoraces. The serum was separated from the clot and stored at Ϫ70°C.
To determine if drug therapy affected the clearance of FLC or AMB, serial creatinine, blood urea nitrogen (BUN), and trough drug levels in serum were assessed in a subset of animals. Four infected animals that were scheduled to receive FLC, AMB, and AMBϩFLC(simult) for 13 days had 1.0 ml of blood drawn immediately before the antifungal drug(s) were administered on days 0, 5, and 13 of therapy for measurements of creatinine and BUN levels in serum. Also, sera were collected from these animals at the last two time points for determination of trough antifungal drug levels. In addition, AMB levels were measured in sera collected from three noninfected rabbits 24 h after they were given a single i.v. dose of AMB (1 mg/kg/day); AMB concentrations measured in these animals served as the comparative controls for AMB levels measured in sera of infected animals. FLC trough levels were assessed in the sera of three additional noninfected rabbits 24 h after they received the fourth dose of FLC. These levels were compared with the concentrations of FLC measured in sera of infected animals.
Antifungal drug assays. The concentrations of FLC in serum were determined using a well diffusion microbiological assay developed by Jorgensen et al. (11) with modifications described by Madu et al. (18) . Candida pseudotropicalis (ATCC 46764) was used as the assay organism. Pour plates of the fungus were prepared using synthetic amino acid medium fungal molten agar and were allowed to solidify at room temperature. Four-millimeter-diameter wells were made in the agar. Twenty-microliter aliquots of sera collected from rabbits or standards were dispensed into wells, kept at 4°C for 1 h, and then incubated overnight for 16 h at 30°C. The FLC standards were prepared in normal rabbit serum. The diameters of inhibition for serum samples and standards were measured with a vernier caliper to the nearest 0.1 mm. Antifungal drug concentrations in samples were calculated using the curves derived from FLC standards. The standard curve was linear for concentrations of FLC between 0.5 and 100 g/ml of serum. For serum samples that resulted in diameters of inhibition that were greater than those associated with the linear portion of the standard curve, the serum samples were diluted 1:4 with saline and retested. Calculation of the concentration of the drug accounted for this. The intraday and interday coefficients of variation of the microbiological assay were 4.9 and 6.8%, respectively.
Concentrations of AMB in serum were determined using a microbiological assay described by Bannatyne et al. (4) and Granich et al. (9) with slight modifications. Paecilomyces variotii (ATCC 22319) was used as the assay organism. The fungus was grown on SDA slants for 5 to 7 days at 35°C. Mature spores from these cultures were harvested with a sterile cotton-tipped applicator and placed into normal saline. The concentration of spores was determined by hemocytometry. Spores were added to molten synthetic amino acid medium fungal agar to a final concentration of 10 5 spores/ml. Pour plates of the fungal spores were made and allowed to solidify at room temperature. Ten-millimeter-diameter wells were made in the agar, and 100 l of sample or standards was added to wells. After incubation for 24 h at 35°C, the diameters of zones of inhibition were measured to the nearest 0.1 mm with a vernier caliper. Antifungal drug concentrations in samples were calculated using the curves derived from AMB standards. The standard curve was linear from concentrations of 0.1 to 20 g/ml. The intraday and interday coefficients of variation of the biological assay were 4.3 and 6.2%, respectively.
The trough levels of AMB and FLC for animals that received 5 or 13 days of treatment with AMB or FLC were measured using the above-described biological assays. For animals that received AMB and FLC in combination, AMB concentrations in serum were measured using a FLC-resistant C. albicans strain (B59630; gift of F. Odds, Janssen Research Foundation, Beerse, Belgium) in the biological assay. Initial studies demonstrated that serum that contained 0.1 to 4.0 g of AMB/ml together with 1 to 150 g of FLC/ml yielded the same diameters of zones of growth inhibition as serum containing only AMB. FLC concentrations in sera of animals that received AMBϩFLC were determined using a high-performance liquid chromatography (HPLC) method described elsewhere (18) . Previously, we demonstrated that FLC concentrations measured using the bioassay and HPLC were equivalent (18) . The intraday and interday coefficients of variation of the HPLC at 1 g/ml were 4.5 and 5.6%, respectively.
Pharmacokinetic analysis. Pharmacokinetic analysis of the serum samples for FLC and AMB concentration-time relationships were performed with a nonlinear least-squares regression program, RSTRIP II (Micromath Scientific Software, Salt Lake City, Utah). The most appropriate pharmacokinetic models were determined by using model selection criteria based on Akaike's information criterion (1) . The C max was defined as the highest concentration of a drug measured in serum after the drug was administered. The trough level was defined as the concentration of a drug in serum that was collected just before the next dose of the drug was administered. To determine the AUC in serum, the trapezoidal method was used for the data obtained from time zero to the last time point.
Statistical analysis. Comparison of colony counts among the different treatment groups for each treatment length was performed by the Kruskal-Wallis test with multiple comparisons followed by Newman-Keuls analysis using the software program True Epistat version 5.3 (Epistat Services, Richardson, Tex.). A P value of Ͻ0.05 was considered significant.
In preliminary studies, we reliably detected Ն50 CFU/g of kidneys. For statistical calculations, a value between 0 and 49 CFU/g was randomly assigned by computer to culture-negative specimens. Pooled vegetations from each animal frequently weighed less than 1 g. Thus, culture-negative vegetations were assigned a CFU-per-gram value equal to the inverse of the weight of the sample. For example, a pooled sample weighing 0.05 g was assigned a value of 20 CFU/g, and one weighing 0.1 g was given a value of 10 CFU/g. A P value of Ͻ 0.05 was considered significant.
RESULTS
Effect on susceptibility to AMB of preincubating C. albicans strain B311 with 25 g of FLC/ml prior to exposure to 1.5 g of AMB/ml. In time-kill studies for C. albicans B311, AMB monotherapy was rapidly fungicidal; the density of yeast in broth was undetectable within 4 h (Fig. 1) . Preincubation of this yeast in FLC for 18 h before AMB exposure decreased the rate of killing by AMB (Fig. 1) . However, the resistance was transient; after 8 h of incubation with AMB, the number of CFU/ml rapidly fell to undetectable levels.
Incubation of the fungus with both FLC and AMB after the microorganism was preincubated with FLC resulted in a persistence of AMB resistance for the 24-h observation period. Organisms exposed to this sequence of drugs grew at rates that were similar to those for yeast that were incubated with FLC alone (Fig. 1) .
Effect of FLC preincubation on AMB activity for three additional C. albicans strains. The time-kill results for C. albicans strain B311 were also seen with three other C. albicans strains (Fig. 2) . AMB monotherapy was as effective as AMB monotherapy after FLC preincubation. Preincubation of each fungal strain with FLC prior to AMB exposure decreased the activity of AMB. However, in contrast to the transient resistance to AMB seen with C. albicans B311, for C. albicans strains 6, 95-1939, and ATCC 36082, FLC preincubation induced resistance to AMB that lasted for at least 24 h. It is noteworthy that the densities of yeast were always higher when FLC-preincubated yeasts were subsequently exposed to AMB in combination with FLC versus AMB monotherapy. Furthermore, FLC preincubation followed by the combination of FLC plus AMB resulted in fungal densities that were similar to those with FLC monotherapy.
Effect of duration of preincubation with FLC on the duration of induced resistance to AMB. The duration of induced resistance to AMB seen with C. albicans B311 was dependent on the length of time that the yeast was preincubated with FLC ( Fig. 3) . Induced resistance to AMB was not seen for organisms that were preincubated with FLC for 2 to 6 h prior to AMB exposure (data not shown). However, 16 h of FLC preincubation resulted in transient resistance that lasted for at least 6 h (Fig. 3) . Forty hours of FLC preincubation resulted in resistance to AMB for at least 12 h, and 72 h of azole pretreatment resulted in AMB resistance that lasted for 30 h (data not shown).
Preincubation of C. albicans ATCC 36082, strain 6, and 95-1939 with FLC for 16 h resulted in AMB resistance that lasted for at least 42 h (data not shown). Forty hours of FLC pretreatment resulted in AMB resistance that lasted for at least 74 h (data not shown).
Effect of FLC preincubation on AMB activity in time-kill studies using a lower concentration of AMB. In the time-kill studies described above, AMB at a concentration of 1.5 g/ ml   FIG. 1 . Effect of preincubation of C. albicans strain B311 with 25 g of FLC/ml for 18 h before the fungus was exposed to 1.5 g of AMB/ml, 25 g of FLC/ml, or the combination of FLC and AMB. Transient resistance to AMB was seen in organisms that were preincubated with FLC and subsequently exposed to AMB, but this resistance was persistent for yeast that was subsequently exposed to the combination of FLC and AMB. O-OO, control; O-AO, sequential incubation of yeast in drug-free media followed by AMB; O-OF, preincubation in drug-free media and then FLC; O-AF, sequential incubation of yeast in drug-free media and then in media containing both AMB and FLC; F-OO, preincubation with FLC followed by drug-free media; F-AO, preincubation with FLC followed by AMB; F-OF, sequential incubation of yeast in FLC and then transfer of organisms to fresh media also containing FLC; F-AF, preincubation with FLC followed by treatment with AMB and FLC together. rapidly killed C. albicans. Thus, we did not observe induced resistance to AMB in C. albicans strains that were exposed simultaneously to 1.5 g of AMB/ml and 25 g of FLC/ml. However, when C. albicans B311 was grown in media containing 25 g of FLC/ml and 0.5 g of AMB/ml, phenotypic resistance was observed (Fig. 4) . Similar results were seen for C. albicans ATCC 36082 (data not shown). However, we could not induce resistance to AMB for C. albicans strains 6 and 95-1939 when these fungal strains were incubated with FLC plus 0.5 g of AMB/ml (data not shown). Thus, this finding was dependent on the fungal strain studied. These studies suggest that the antagonistic interaction between AMB and FLC may be overcome with higher concentrations of AMB.
Pharmacokinetics of FLC and AMB in serum at steady state in infected rabbits. The time-concentration relationship for FLC and AMB at steady state is shown in Fig. 5 . The animals were infected with C. albicans. FLC and AMB pharmacokinetics were both best described by a two-compartment model. At steady state, the C max and AUC 0-24 for FLC in serum were 90.5 Ϯ 10.3 g/ml and 796.31 Ϯ 26.8 g ⅐ h/ml, respectively. The t 1/2␤ was 8.04 h, and the C min (trough) was 11.4 Ϯ 4.2 g/ml. The C max and AUC 0-24 for AMB in serum were 2.19 Ϯ 0.36 g/ml and 16.56 Ϯ 2.79 g ⅐ h/ml, respectively. The t 1/2␤ was 21.4 h, and the C min at 24 h was 0.41 Ϯ 0.02 g/ml.
Serial creatinine and trough AMB and FLC concentrations in sera of rabbits. Creatinine levels in sera of animals at 0, 5, and 13 days of therapy with AMB, FLC, and AMBϩFLC are shown in Table 1 . The mean level of creatinine in serum was 0.84 Ϯ 0.05 mg/dl prior to infection. The level of creatinine in serum significantly increased with time only in controls. Creatinine levels in serum tended to increase for rabbits treated with AMB or AMBϩFLC by day 13 of therapy (not significant) but were unchanged in animals that received FLC as monotherapy. These results are consistent with those of Chemlal et al. (7), who reported the absence of nephrotoxicity in rabbits treated with AMB (5 mg/kg/day) for 7 days. Similarly, Lee et al. (12) found that the levels of creatinine in serum increased slightly after 13 days of treatment with AMB (1 mg/kg/day). Trough concentrations of FLC and AMB in sera of animals treated with AMB, FLC, and AMBϩFLC did not change with time ( Table 2) .
Impact of the sequence of administration of AMB and FLC on the treatment of C. albicans endocarditis. All untreated animals in the control group died between 6 and 8 days after fungal inoculation. By study design, there were no deaths in any of the groups that received antifungal drug therapy. Death was not a study end point. In our experimental model, differences in fungal densities in various tissue sites over time were used to define interactions between FLC and AMB for regimens in which these drugs were administered concurrently or sequentially. FLC monotherapy and the FLC3AMBϩFLC regimen were fungistatic (Table 3) . These regimens demonstrated similar activities at all time points. None of the heart valves were sterilized with these regimens (data not shown). In the latter regimen, FLC completely abrogated the activity of AMB. Although fungal densities associated with FLCϩAMB(simult) were similar to those for FLC monotherapy after 5 days of therapy, this regimen sterilized cardiac vegetations in all subjects after 13 days of therapy.
AMB monotherapy and AMB3AMBϩFLC were rapidly fungicidal. After 5 days of treatment, fungal densities in cardiac vegetations were significantly lower for animals that received AMB alone and the AMB3AMBϩFLC regimen than for controls (P ϭ 0.008), FLC treatment (P ϭ 0.02), and FLC3AMBϩFLC treatment (P ϭ 0.021). At this time point, cardiac vegetations were culture negative in approximately 80% of subjects (data not shown). All valves were culture negative with 13 days of treatment.
The sequential use of AMB followed by FLC (AMB3FLC) rapidly decreased fungal counts early in the treatment course due to the effect of AMB. This was followed by the fungistatic effect of FLC monotherapy. Cardiac vegetations collected after 2 days of therapy were too small to allow fungal densities to be accurately defined by quantitative culture. Therefore, we could not discern whether there was an interaction between AMB and FLC with this drug regimen. However, the sequential use of FLC for 1 day followed by AMB therapy for 4 days (FLC3AMB) clearly decreased the rate of clearance of fungi from cardiac valves. While AMB monotherapy sterilized this site with 5 days of treatment, fungal densities associated with FLC3AMB treatment were similar to those of FLCϩAMB(simult) treatment at this time point.
Effect of the sequence of administration of AMB and FLC on the treatment of C. albicans pyelonephritis. On day 5 of the study, there was no difference in the fungal densities in kidneys of controls and groups that received FLC monotherapy, FLCϩAMB(simult), and FLC3AMBϩFLC (Table 4) . FLC alone and FLC3AMBϩFLC demonstrated similar fungistatic activities throughout the study. These regimens sterilize the kidney by day 21 of therapy. In the latter regimen, FLC completely abolished the activity of AMB. FLCϩAMB(simult) was as active as FLC alone and FLC3AMBϩFLC for the first 5 days of treatment. But this regimen sterilized kidneys by day 13.
In contrast, 5 days of treatment with AMB, FLC3AMB, and AMB3AMBϩFLC rapidly sterilized kidneys [P Ͻ 0.0005 versus results with FLC, FLCϩAMB(simult), and FLC3 AMBϩFLC]. FLCϩAMB(simult) and AMB3FLC therapies resulted in a slower clearance of organisms from this site.
The fungal densities in kidneys of recipients of AMB3FLC treatment were similar to those for recipients of AMB monotherapy after 2 days of treatment (Table 4) . Thus, there was no appreciable interaction between AMB and FLC for the AMB3FLC regimen. This regimen resulted in a rapid decrease in fungal counts with the first 2 days of therapy (due to the effect of AMB), followed by a slower rate of organ sterilization (due to FLC). In contrast, with 2 days of therapy with FLC3AMB (i.e., 1 day of FLC followed by 1 day of AMB), fungal densities in kidneys were 1.2 log 10 CFU higher than for AMB3FLC (i.e., 1 day of AMB followed by 1 day of FLC). Fungal counts with the former regimen were similar to those with FLC monotherapy, suggesting an antagonistic effect when FLC was given prior to AMB. However, the antagonistic effect was transient, since kidneys were sterilized after 5 days of therapy. The findings for FLC3AMB were consistent with the induced resistance to AMB that was described in our in vitro time-kill studies.
Decreased susceptibility of Candida to AMB with FLC therapy in vivo: effect of induced resistance to AMB on outcome. Cardiac vegetations and kidneys collected from animals that received 5 days of the various treatment regimens were quantitatively cultured onto both SDA supplemented with 1.5 g of AMB/ml and drug-free agar. The numbers of colonies that grew on AMB-supplemented and drug-free agar were compared. For recipients of FLC monotherapy and FLC3AMBϩFLC, approximately 33 and 37% of the fungal population, respectively, in both the cardiac vegetations and kidneys demonstrated decreased susceptibility to AMB after 5 days of therapy. After 13 and 21 days of therapy, 14 to 18% of the fungal population demonstrated decreased AMB susceptibility with these regimens. For animals that received FLC3AMB, approximately 27% of colonies in kidneys demonstrated induced resistance to AMB on day 2 of therapy; 17% of organisms isolated from cardiac vegetations demonstrated induced resistance to AMB after 5 days of therapy. For recipients of AMBϩFLC(simult), approximately 8% of the fungal population demonstrated decreased AMB susceptibility after 5 days of treatment Fungi cultured from animals treated with AMB as monotherapy, AMB3FLC, AMB3AMBϩFLC, and controls remained susceptible to AMB.
Decreased susceptibilities to AMB were detected only when the tissue samples were directly plated onto AMB-containing agar. We could not detect a change in susceptibility to AMB in fungal isolates that were originally plated onto drug-free agar and then recultured onto AMB-supplemented agar. The induced resistance to AMB that was identified in vivo was well predicted by the in vitro time-kill studies.
Effect of varying the duration of initial FLC treatment in FLC3AMB؉FLC and FLC3AMB regimens on the duration of induced AMB resistance in C. albicans. For animals that received only FLC, fungal densities in cardiac vegetations and kidneys were similar at all time points (Table 5) . This made it possible to examine the effect that different durations of initial therapy with FLC had on the activity of AMB in regimens in which FLC is subsequently switched to AMBϩFLC or AMB alone.
AMB was rapidly fungicidal in both infection sites. Using FLC for 1 day and 5 days prior to starting AMBϩFLC resulted in similar outcomes. Both regimens demonstrated fungistatic activities that were similar to those with FLC monotherapy. In animals that received FLC for 1 day prior to changing therapy to AMB [FLC(1 day)3AMB], the rates of clearance of fungi from cardiac vegetations and kidneys were slower than for AMB monotherapy. In animals that received 5 days of FLC therapy [FLC(5 days)3AMB], additional days of AMB therapy were required before these sites were cleared of microorganisms. The prolonged times to clearance of fungi from these cardiac vegetations and kidneys were due to the antagonistic effect of FLC on AMB. These in vivo findings were accurately predicted by our in vitro time-kill studies.
DISCUSSION
A number of in vitro studies report antagonism between FLC and AMB when their interaction was assessed using checkerboard and time-kill methods (13, 21; Banerjee et al., Abstr. 97th Gen. Meet. Am. Soc. Microbiol., 1997). Lewis et al. (13) reported antagonism between FLC and AMB for C. albi- cans isolates that were sequentially exposed to FLC and then to AMB. Further, Vazquez et al. (28) found that the sequential exposure of C. albicans to FLC followed by AMB caused the fungus to be transiently resistant to AMB. This induced resistance lasted for up to 6 h after FLC was removed from the culture medium (28) . These investigators found that preincubation of C. albicans with FLC for as little as 8 h induced resistance to AMB. Our study confirmed and expanded on the in vitro observations of Vazquez et al. In vitro, we found that phenotypic resistance to AMB was induced in each of four C. albicans strains that were preincubated with FLC for 18 h. The induced resistance to AMB lasted from 8 to Ͼ24 h, depending on the Candida isolate evaluated. However, AMB resistance was more profound and persistent in C. albicans isolates that were first incubated with FLC and then exposed to AMB in combination with FLC. Under these conditions, the fungi demonstrated fungistatic growth kinetics similar to that seen with yeast that were incubated with FLC alone. In this regimen, the activity of AMB was completely abolished. Similar to the findings of Vazquez et al., we found that a minimum of 8 h of FLC preincubation was needed to induce resistance to AMB.
Our in vitro observations accurately predicted the outcome in our rabbit model of C. albicans endocarditis and pyelonephritis. In these studies, we evaluated the impact on outcome of the order of initiation of FLC and AMB when these drugs are used sequentially as single agents or as combination therapy. In both cardiac vegetations and kidneys, AMB monotherapy was rapidly fungicidal, while FLC treatment was fungistatic. AMBϩFLC(simult) treatment resulted in a kill rate that was between those seen with the individual drugs. AMB3AMBϩFLC treatment rapidly sterilized these sites, indicating that the initiation of AMB prior to using this drug in combination with FLC preserved the activity of the most active agent. For FLC3AMB treatment, there was a decrease in the rate of clearance of fungi from cardiac vegetations and kidneys associated with the AMB component of the regimen that was dependent of the duration of FLC that was used as initial therapy. As predicted by our in vitro studies, initiation of FLC treatment prior to using FLC in combination with AMB resulted in fungal densities in tissues that were similar to the fungistatic activity of FLC monotherapy. In this regimen, preceding AMBϩFLC with 1 day of FLC treatment was sufficient to abolish the activity of AMB.
In vivo efficacy was predicted by the proportion of the fungal population that demonstrated phenotypic resistance to AMB during therapy. The least effective drug combination, FLC3AMBϩFLC, was associated with the highest proportion of AMB resistance in the population. AMBϩFLC(simult) and FLC3AMB regimens were associated with smaller populations of AMB-resistant C. albicans and showed greater efficacy than FLC3AMBϩFLC. Finally, resistance to AMB was not seen in recipients of AMB monotherapy and AMB3 AMBϩFLC, the most rapidly fungicidal regimens. Decreased susceptibility to AMB was identified only when tissue specimens were directly plated onto AMB-supplemented agar. If fungi in tissue homogenates were first isolated on drug-free media and then plated onto AMB-supplemented media, decreased susceptibility to AMB was not detected. The mechanism for this observation is uncertain.
The results of our current study are consistent with those of our earlier studies. In a rabbit model of endocarditis using C. albicans strain ATCC 36082, we found that the simultaneous initiation of FLC treatment and AMB treatment reduced the clearance of the fungus from cardiac vegetations compared with the most active regimen, AMB monotherapy (17) . Also, combination therapy slowed the clearance of fungi from the kidneys for at least 14 days of treatment, compared with therapy with AMB alone (17) . Similarly, in a mouse model of systemic candidiasis, the simultaneous initiation of AMB and FLC as combination therapy decreased the efficacy of AMB, in terms of both fungal loads in kidneys and survival of the infected host (16) . Decreased activity of AMB was seen with combination therapy for mice infected with C. albicans strains, with FLC MICs up to 256 g/ml. The activity of AMB was not affected when combination therapy was given to mice infected with a C. albicans strain that was highly resistant to FLC (FLC MIC, 512 g/ml).
In contrast to our results, Sugar et al. (26) reported that the interaction between AMB and FLC was additive in their murine model of systemic candidiasis when these drugs were initiated simultaneously. However, in their model the 90 to 100% survival rates observed for animals that received AMB monotherapy placed the survivorship on the top of the dose-response curve. This makes it difficult to observe an antagonistic interaction between AMB and FLC. Also, the results of the quantitative culture of kidneys were below the sensitivity of their assay for all the treatment groups examined. Thus, it is difficult to make any conclusions about the interaction between AMB and FLC from those studies. In another trial (26) , these investigators reported a 40% reduction in survival rates, from 62.5% for AMB alone to 37.5% for FLC plus AMB. The difference was not statistically significant, although the number of animals evaluated was small.
Sanati et al. (24) evaluated the interaction between FLC and AMB in a neutropenic murine model of systemic candidiasis. The drugs were started concurrently. Eight days after fungal inoculation, the survival rates were approximately 15, 43, 60, and 72% for mice that received a placebo, FLC, FLCϩAMB, and AMB, respectively. The differences in survival rates between groups did not reach statistical significance; however, the possibility of a type II error could not be excluded (24) .
In a rabbit model of C. albicans endocarditis, Sanati et al. (24) reported that the interaction between FLC and AMB was indifferent when these drugs were initiated simultaneously. In contrast, using the same fungal strain, Louie et al. (17) noted the combination of FLCϩAMB to be antagonistic. Both investigators found the fungal densities in cardiac tissues of FLCϩAMB recipients to lie between those found with the two monotherapies. The discrepancy in results may be explained by the fact that Louie et al. observed a larger difference between the fungal densities in the cardiac vegetations of the FLC and AMB monotherapy groups than Sanati (a 5-log difference versus a 2-log difference, respectively). Thus, Louie's model was more sensitive than Sanati's for identifying statistically significant differences between the FLCϩAMB treatment group and the other treatment groups. Of note, Louie et al. (17) also reported antagonism between FLC and AMB in the clearance of C. albicans from the kidneys of the same infected rabbits. With 5 and 14 days of therapy, the FLCϩAMB regimen was significantly less effective than AMB but more active than FLC. However, by day 21 of therapy, the FLC, AMB, and FLCϩAMB regimens all sterilized this site. Thus, antagonism in the kidney was manifested by a delay in the sterilization of this organ.
We believe that it would be inappropriate to dismiss the potential adverse effect of FLC and AMB antagonism on the outcome based on the fact that there were no differences in survival rates between treatment arms in the current study. Importantly, our rabbit infection model was specifically designed to identify differences in fungal densities in tissues that may occur in response to various antifungal drug regimens and not mortality. By design, there were no mortalities in even the least active of the regimens. Thus far, all published in vivo studies that evaluated the activity between FLC and AMB have not documented outcomes to be less than that described for FLC monotherapy. However, in a murine model of systemic candidiasis in which survival rates with AMB and FLC monotherapies were 60 and 0%, respectively, there were no survivors in the group that received AMB and FLC in combination (16) . Furthermore, with a mouse model of systemic C. albicans infection, Sugar et al. (27) reported that mortality in mice treated with itraconazole in combination with AMB was 100%, while the mortality rates associated with AMB alone and itraconazole alone were 10 and 80%, respectively. Similar mortality rates were seen regardless of whether AMB and itraconazole were administered concurrently or sequentially.
In summary, we found no negative consequences of switching AMB to FLC during the treatment of deep-seated C. albicans infections. This order of events is commonly seen in the clinic, where AMB empiric therapy is switched to FLC therapy after a deep-seated fungal infection is found to be due to a species that is usually susceptible to FLC. However, our in vitro and in vivo studies and those reported by others suggest that there is no therapeutic advantage in using FLC and AMB, as in AMB3AMBϩFLC, FLC3AMBϩFLC, or AMBϩFLC (simult) regimens, in the treatment of invasive C. albicans infections. Combination therapies using AMB and FLC for Candida infections may result in avoidable toxicity and additional cost without added benefit relative to antifungal drug monotherapy.
